The aim in this study was to determine the main thermal properties of the granular mass of coffee (specific heat, thermal conductivity, and thermal diffusivity) for different degrees of roasting, as well as to model and simulate thermal conductivity at different degrees of roasting. For determination of specific heat, the mixing method was used, and for thermal conductivity, the theoretically infinite cylinder method with a central heating source. Thermal diffusivity was simulated algebraically using the results of the properties cited above and of the apparent specific mass of the product. Thermal conductivity was also simulated and optimized through finite element analysis software. As results, at darker roasting there was an increase in specific heat and a reduction in thermal conductivity and thermal diffusivity. Comparing thermal conductivity determined in relation to simulated and optimized conductivity, the mean relative error was 1.02%, on average.
INTRODUCTION
Brazil is leader in the world market for production and export of green coffee beans. In postharvest, these green coffee beans pass through some steps until reaching at a very important phase of processing, the roasting. According to the International Coffee Organization -ICO (2017), the world consumption of coffee was 9368 million of Kg in 2017. The roasting is a highly important step in coffee processing because it is responsible for expressive modification of the raw material. During roasting, the coffee bean dehydrates and goes through physical-chemical transformations that provide the final product with the characteristics offered for its consumption (color, aroma, and flavor) through the formation of various volatile compounds (BOTTAZZI et al., 2012; HERNÁNDEZ; HEYD; TRYSTRAM, 2008) .
Throughout production process, coffee beans are subjected to changes in temperature and moisture, and to ensure a quality product in the end of process, it is necessary to know how these changes occur. In this sense, the knowing properties such as specific heat, thermal conductivity, and thermal diffusivity are relevant for studies of heat and mass transfer in agricultural seed grains (BORÉM et al., 2002) .
The specific heat, by definition, is the amount of heat necessary to raise the temperature of a body by 1°C per unit of mass without change in state. It is essential to know this for determination of the amount of energy required for heating or cooling a food product. The thermal conductivity of a material is the measure of its conduct heat capacity (MOHSENIN, 1980) . According to Mohsenin (1980) , numerical values of thermal conductivity of solid, granular, and porous materials can to vary according to chemical composition, fluid material content,
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The apparent specific mass of the coffee beans was analyzed using a GEHAKA brand kit, following manufacturer's instructions for determination of the hectoliter weight of coffee beans (BOTELHO et al., 2016) . The test was performed in four replications for each roasting degree and for the green coffee bean. The results were expressed in kg.m -3 . The color of the roasted coffee was determined using the colorimeter Konica Minolta CR-300. This equipment was used in the configuration of D65 illuminant and calibrated with the white plate with a value determined corresponding to L*, a*, b*. The color of the beans was expressed in parameters of the system CIE L*, a*, b* and also of the system CIE L* c* h°. The L* coordinate indicates lightness, which ranges from 0 (black) to 100 (white). The other parameters, a* and b* (chromaticity coordinates), indicate the colors directions of the roasted beans, in which +a* indicates red color, -a* green, +b* yellow, and -b* blue. Three readings were made for composition of the mean value.
The cylindrical coordinates c* or chroma, which provides a measurement of intensity or saturation of the color, and h°, which corresponds to the hue angle, were simulated from equations (2) and (3), respectively.
The specific heat of the coffee beans for the different roasting degrees and for the green coffee bean was determined by the mixing method. In this method, the product with known mass (100 g) and temperature (25°C) was placed in a calorimeter (Figure 1 ) of known thermal capacity (0.048 kJ.°C -1 ), which contains water at a temperature (40°C) and mass (400 g) that are also known. When the thermal equilibrium of the mixture is reached, the specific heat of the product can be simulated, using the equation (4) (MOHSENIN, 1980) . in which C p is the specific heat of the product in kJ.kg -1 .°C
; C w is the specific heat of the water in kJ.kg -1
.°C -1 ; C is the heat capacity of the calorimeter in kJ.°C -1 ; M p is mass of the product in kg; M w is mass of water in kg; T p is temperature of the product in °C; T w is temperature of water in °C; T e is temperature of equilibrium in °C.
physical structure, state, density, temperature, and moisture content. According to the same author, for biological materials, thermal conductivity depends more on cell structure, density, and moisture content than on temperature.
For heat to be diffused in the grain mass, for example in a mass of roasted coffee beans, there is dependence on the thermal properties of the product, among which is thermal diffusivity, and on the temperature gradient within the body and between the surface and the environment.
Thus, the aim in this study was to determine variations in specific heat, thermal conductivity, and thermal diffusivity of coffee beans at different degrees of roasting, analyze the correlation of these thermal properties with the lightness colorimetric parameter (L*) and apparent specific mass, and simulate and optimize thermal conductivity through finite element analysis software.
MATERIALS AND METHODS
This study was developed at the Agricultural Product Processing Laboratory (LPPA) of the Universidade Federal de Lavras (UFLA) in Lavras, MG, Brazil.
Coffee (Coffea arabica L.) beans were used, with an average moisture content of 0.123 dry basis (10.94% wet basis), which was determined by the laboratory oven method at 105±1°C for 16±0.5 hours, according to the standard method of ISO 6673 (INTERNATIONAL ORGANIzATION FOR STANDARDIZATION -ISO, 1999) . The coffee was hulled and the beans were separated according to shape and size. Only the conventional flat coffee beans from sieve size 16 to 18/64 inches were used for roasting, eliminating the flat beans retained in the 19/64 inch sieve and the peaberries retained in the sieve with an oblong screen of 11 x ¾ inch. The beans were then roasted to 5 different levels in an Atilla 5 Kg Gold Plus coffee roaster.
A caliper rule was used for determination of the dimensions of 40 coffee beans from each treatment; and coffee bean volume was calculated through equation (1), approximating the coffee bean shape to the shape of a semi-ellipsoid (BUSTOS-VANEGAS et al., 2018) in which V is volume in mm 3 ; a is bean length in mm; b is bean width in mm; and c is bean thickness in mm. For the thermal conductivity determination and analysis of transient heat flow through the product granular mass by the theoretically infinite cylinder method (Figure 2 ), the equation (5) was used to describe heat flow in a linear source (MOHSENIN, 1980) . in which T is temperature in ºC; t is the sample heating time in s; α is thermal diffusivity in m 2 .s -1 ; and r is radial distance of the heat source in m. This method consists of use of an aluminum cylinder with pre-determined diameter and length, with a nickel-chrome varnished conductor wire in the center, through which a low intensity electric current flowed (1 A and 1.8 V). Temperature was obtained by means of three sets equidistant thermocouples (120°) placed at mid-height of the cylinder. Each set was composed of 6 thermocouples at a distance of 1 cm from each other along the radius of the center of the tube (Figure 2 ). The coffee beans thermal conductivity was obtained on transient regime by cylindrical coordinates through the equation (6).
in which k is thermal conductivity in W.m -1 .°C -1 ; Q is heat provided to the conductor wire in W; t is time in s; T (t) is temperature at time t in °C; and t 0 is the correction factor in s. (5) (6) According to Chang (1986) , the correction factor t 0 can be calculated as a logarithm function of the values of time and of the differences among the temperatures observed over time and the initial temperature of the system.
The theoretically infinite cylinder is an idealization that allows adoption of the hypothesis of one-dimensional conduction in the radial direction, which is considered a reasonable approximation if the ratio between the length and the radius of the cylinder is greater than or equal to 10 (BERGMAN et al., 2011) .
Thermal diffusivity of the granular mass of green and roasted coffee beans was determined using equation (7), after specific heat, thermal conductivity, and apparent specific mass were determined experimentally.
in which is thermal diffusivity in m 2 .s -1 ; and ρ is apparent specific mass in kg.m -3 . The equation that governs transient transfer of heat in an infinite cylinder when considering (a) generation of heat coming from a central infinite source of zero diameter and constant wattage; (b) infinite and homogeneous medium; and (c) initial conditions of the medium that is isothermal and in equilibrium with the environment, can be expressed as (BERGMAN et al., 2011 ): in which T is temperature in ºC; t is time for heating the sample in s; α is thermal diffusivity in m 2 s -1
; r is the radius of localization of the thermocouple in m; and q is power dissipated in the source in W m -1 per unit of volumetric heat capacity (ρC-J m -3 ºC -1
). The approximate solution of equation (8) was obtained using the finite element technique. Initially the system was divided into 2925 two-dimensional asymmetric elements of the PLANE77 type, for a total of 9196 nodes.
In the finite element technique, one of the procedures for analyzing equation (8) is by means of the weighted residual method (SEGERLIND, 1984) . In this method, the volume integral for an element "e" is given by equation (9).
in which {R (e) } is residual integral; [ ] T W is weight function; k is thermal conductivity; A is area of the element; and dA is elemental area.
The equation (9) is evaluated with respect to the spatial coordinates for a fixed moment of time. Once integrated, equation (9) The equation (11) is the general (or global) form of the equation (10) that can be apply to the system set of elements. Thus, the solution of equation (9) produces a linear differential equations system of first order in time.
in which [C] is the global capacitance matrix; [K] is the global rigidity matrix; and {F} is the global force vector.
The discretization of the equation (10) in time can be performed with the aid of approximations by finite differences in the time domain (SEGERLIND, 1984) . The result of discretization has the form: in which θ is the parameter of transient integration;
is the time interval = 2 h; {T} n is the temperature at time t n ; {T} n+1 is the temperature at time t n+1 ; {F} n is the global force vector at time t n ; and {F} n+1 is the global force vector at time t n+1 .
The equation (12) provides the nodal values of the temperatures at moment t n+1 as a function of the known values of the temperatures at moment t n and of forces at moments t n and t n+1 and the transient integration parameter θ . The nodal temperatures values at different times were obtained by solving the equations system represented by equation (12) (SEGERLIND, 1984) . So, the computational program of finite element analysis ANSYS 14.2 was used.
For implementation of the finite element method, it is necessary to introduce parameters, some related to the product properties, which were determined experimentally, and others relevant to the initial conditions and boundary conditions imposed on the system (Figure 3) .
RESULTS AND DISCUSSION
The mean values of color parameters obtained experimentally for green coffee beans that were used for roasting are present in Table 1 .
These data reveal that it occurred in the darkening of the sample because the colorimetric parameter (L *) was of 50.75 for green coffee and 23.85 for roasted coffee in mean.
The mean values obtained experimentally for apparent specific mass and length, width, and thickness of green coffee beans are presented in Table 2 .
The apparent specific mass obtained in the present study for hulled coffee was 666.75 kg.m -3 for grains with moisture content of 0.123 dry basis (10.94% w.b.) (Table 2 ). This result is lower than that obtained by Oliveira et al. (2015) , that found data for apparent specific mass from 751 to 758 kg.m -3 for moisture content of 11% (w.b.), but above that found by Giomo, Nakagawa and Gallo (2008) , which on average found a value of 498.4 kg.m -3 for mean moisture content of 33.35% w.b, and also above that found by Olukunle and Akinnuli (2012) , that found values from 588.2 to 609.8 kg.m -3 for moisture content of 10,7 % d.b. The experimental values of the thermal properties determined for green coffee beans are expressed in Table 3 . 2 .s -1 . These differences of values found occur due to different varieties of coffee, product moisture contents, and methods for determination of these properties.
The mean experimental values of apparent specific mass as a function of the roasting degree, which is represented by the lightness (L*) colorimetric parameter, are present in Figure  4 . The results indicate that with a reduction in lightness, there is a reduction in specific mass, which can be explained through the occurrence of an increase in volume the darker the roast is, as present in Table 4 .
The mean values obtained experimentally for apparent specific mass and the measurements of the coffee beans for length, width, and thickness of the coffee samples at different roasting degrees are present in Table 4 . Degree 1 is considered the lightest roasting degree and degree 5 the darkest, as present in Figure 4 .
The apparent specific mass values are in agreement with the values found by Bicho et al. (2012) , which were 400 to 300 kg.m -3 , and by Oliveira et al. (2014) , which were 359.4 to 342.26 kg.m -3 . They are also near the results obtained by Mendonça, Franca and Oliveira (2009) The mean values of color parameters obtained experimentally for coffee beans at different degrees of roasting are present in Table 5 . Baggenstoss, Perren and Escher (2008) found values of the lightness colorimetric parameter (L*) from 23.5 to 22.6, which are similar to those found in this study.
Considering that the second degree polynomial is a simple model and satisfactorily explains the variations in the thermal properties studied as a function of the roasting degree, the criterion of highest adjusted coefficient of determination (R 2 ) was used as the choice for the equation to be adopted.
Figures 5, 6, and 7 exhibit the experimental values of specific heat, thermal conductivity, and thermal diffusivity for coffee beans roasted as a function of the lightness colorimetric parameter (L*) and constitutes a scale between black and white, in which values near 20 indicate dark roasting and values near 30 indicate light roasting.
The results reveal that there was an increase in specific heat and a reduction in thermal conductivity and diffusivity with darker roasting,
The Figures 8, 9 , and 10 present the experimental values of specific heat, thermal conductivity, and thermal diffusivity for coffee beans roasted as a function of apparent specific mass. These figures present that these properties of roasted coffee had a higher adjusted coefficient of determination (R 2 ) compared to the figures related to the lightness colorimetric parameter (L*). With reduction in specific mass from roasting, there was reduction in thermal conductivity and thermal diffusivity, but an increase in specific heat.
The Table 6 presents the physical properties of green and roasted coffee of the present study.
In The Table 7 presents the data of the property thermal conductivity obtained experimentally and by computational simulation and optimization, and the mean relative error between the two methods studied.
For the suitability of certain models in the description of a phenomenon, according to Mohapatra and Rao (2005) , values lower than 10% mean relative error (P) indicate good fit for practical purposes. The error obtained was acceptable, confirming the results, and, thus, the model developed can be used in other applications. ) in relation to apparent specific mass compared to the lightness colorimetric parameter (L*).
6. With darker roasting, there was an increase in specific heat and a reduction in thermal conductivity and diffusivity. 7. With reduction in specific mass after roasting, there was a reduction in thermal conductivity and thermal diffusivity, but an increase in specific heat.
8. Comparing the thermal conductivity that was determined in relation to that simulated and optimized by a computational program of finite element analysis, mean relative error was 1.02%, on average.
